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ABSTRACT 
Coprec ip i ta t ion  as a method  of p reparat ion  for  b i smuth  
ox ides  based  ceramics  y ie lds  re la t ive ly  s t rong  and 
mach ineab le  mater ia l s  in compar i son  w i th  the so l id  s ta te  
react ion .  Compos i t ions  w i th in  the sys tem 
( l -x )B i20~-xErp0  ~ conta in ing  up to twenty  f ive  
mo le  percent  oF @rb ium ox ide  show a s low t rans i t ion  on 
heat ing  at 900 K f rom a cub ic  to a hexagona l  
( rhombohedra l )  phase .  The resu l t ing  hexagona l  phase  is 
s tab le  up to i000 K where  it t rans forms back  to 
the cub ic  phase .  Long  te rm heat ing  at 775 K causes  
fo rmat ion  of t races  of ~ - b i smuth  ox ide  in  these  
samples ,  but the mater ia l  i t se l f  remains  cub ic .  
Compos i t ions  conta in ing  th i r ty  mo le  percent  of e rb ium 
ox ide  do not show any  such  changes  and hence  are su i tab le  
for  app l i ca t ion  purposes .  
MATERIALS  INDEX : B i smuth~Erb ium~ Ox ides .  
INTRODUCTION 
Oxygen ion  conduct ing  so l id  e lec t ro ly tes  f ind  extens ive  
. . . . . . . . . . . . . . . . . . . . . .  
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use in dev ices  such  as oxygen pumps  and - sensors .  For  these  type 
of app l i ca t ions  the  s tab i l i zed  cub ic  b i smuth  ox ides  have  
s ign i f i cant  advantages  over  the convent iona l  s tab i l i zed  
z i rcon ias ,  due to the i r  ab i l i ty  to operate  at lower  temperatures  
w i th  bet te r  e f f i c iency  ( i -3 ) .  Th is  behav iour  is based  on the h igh  
temperature  ion ic  conduct ing  ~ - b i smuth  ox ide ,  wh ich  can be 
s tab i l i zed  to lower  temperatures  by dop ing  w i th  var ious  rare  
ear th  ox ides  (4 -6) .  Among these ,  the so l id  so lu t ions  of b i smuth  
erb ium ox ides  have the h ighest  ion ic  conduct iv i t ies  repor ted  
(2 ,7 ) .  In the f i r s t  par t  of th i s  repor t  (8), some aspects  of the 
preparat ion  of b i smuth  erb ium ox ides  were  h igh l ighted .  Through 
preparat ion  by a coprec ip i ta t ion  method  it was  poss ib le  to fo rm 
dense  and mach ineab le  ceramics .  To unders tand  the durab i l i ty  of 
such  compos i t ions  under  p rac t i ca l  cond i t ions  however ,  a s tudy  of 
compos i t iona l ,  s t ruc tura l ,  morpho log ica l  and  mechan ica l  
p roper t ies  is c ruc ia l .  The resu l t s  of such  measurements  are 
repor ted  here .  
EXPERIMENTAL 
The deta i l s  of p reparat ion  have  been  repor ted  in par t  I (8).  
A descr ip t ion  of the  sample  code  is g iven  in  Tab le  I. 
D i f fe rent ia l  Thermal  Ana lys i s  (DTA)  of the samples  was car r ied  
out  on  a Du Pont  990  mode l  Thermal  Ana lyzer ,  us ing  
heat ing /coo l ing  ra tes  of 5 K /min .  The mechan ica l  s t rength  (~f) 
was  measured  on samples  w i th  d imens ions  of I , 3 , 15 mm. A 
th ree-po in t  bend ing  test  was  used  (9110) ,  w i th  a span  of 12 mm 
and at a c ross  head  speed  of 5 ~m s .The samples  were  cut f rom 
s in tered  d i scs  w i th  a h igh  speed  d iamond cut t ing  whee l .  Be fore  
s t rength  measurements  the samples  were  annea led  at 1025 K for  4 
hours ,  us ing  heat ing /coo l ing  ra tes  of 2 K /min°  
TABLE  i 
Descr ip t ion  of sample  code  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sample  code Descr ip t ion  
BEXX XX cor responds  to the mole  percent  of e rb ium ox ide .  
P P repared  by coprec ip i ta t ion  method .  
S P repared  by so l id  s ta te  react ion  of ox ides  at 1125 K. 
A Cub ic  samples  annea led  at 775 K for  500 hours .  
B Cub ic  samples  annea led  at 900 K for  500 hours .  
RESULTS AND DISCUSSION 
Samples  prepared  by coprec ip i ta t ion  as we l l  as by so l id  
s ta te  react ion  have  been  used  for  var ious  s tud ies .  Both  methods  
y ie ld  monophas ic  and homogeneous  mater ia l s .  
i. Thermal  s tud ies  
DTA curves  of samples  a f te r  var ious  heat  t reatments  are 
o b
~
 
Z
 
B
E
 2
0
 
B
E
 2
5
 
B
E
 3
0
 
o 
1 
1 
1 
2 
2 
2 
Y 
T 
o 
<
~
 
9
0
0
 K
 
9
0
0
 K
 
3 
3 
3 
M
 
IO
0
0
K
 
1 
! 
! 
I 
I 
I 
I 
5
0
0
 
1
1
0
0
 
5
0
0
 
1
1
0
0
 
3
0
0
 
1
1
0
0
 
T 
(K
) 
h
ea
ti
n
g
 cy
cl
e 
co
o
lin
g
 c
y
cl
e
 
F
IG
 
• 
i 
D
if
fe
re
n
ti
a
l 
th
e
rm
a
l 
a
n
a
ly
s
is
 
o
f 
s
a
m
p
le
s
 
a
ft
e
r 
v
a
ri
o
u
s
 
h
e
a
t 
tr
e
a
tm
e
n
ts
 
i. 
F
re
s
h
 
s
a
m
p
le
s
; 
2
. 
S
a
m
p
le
s
 
h
e
a
te
d
 
a
t 
7
7
5
 
K
 
fo
r 
5
0
0
 
h
o
u
rs
; 
3
. 
S
a
m
p
le
s
 
h
e
a
te
d
 
a
t 
9
0
0
 
K
 
fo
r 
5
0
0
 
h
o
u
rs
. 
374 H. KRUIDHOF, et al. Vol. 23, No. 3 
shown in F ig .1 .  Thermal  ana lyses  of f resh  s in tered  pe l le ts  do 
not  show any DTA peak.  A f te r  annea l ing  at 775 K for  500 hours  
however ,  BE20(PA)  and BE25(PA)  show endothermic  peaks  in  DTA at 
900 K. No peaks  were  observed  for  BE30(PA) .  
A f te r  annea l ing  at 900 K for  500 hours  a d i f fe rent  
endothermic  peak  at 1000 K is observed .  I ts  in tens i ty  decreases  
w i th  decreas ing  annea l ing  t ime (8). No fu r ther  changes  cou ld  be 
observed  in the coo l ing  or subsequent  heat ing  cyc les .  Obv ious ly  
the t rans i t ions  seen  in DTA at 900 and 1000 K are  caused  by the 
long  te rm annea l ing .  When DTA was  recorded  a f te r  reheat ing  
BE20(PB)  and BE25(PB)  at 1025 K for  50 hours  the t rans i t ion  at 
1000 K d i sappeared .  None  of the above  t rans i t ions  cou ld  be 
observed  on BE30 samples .  
The t rans i t ions  at 900 and i000 K were  not accompan ied  by 
we ight  changes  in the DTG measurements  and hence  cor respond to 
phase  t rans format ions .  The heat ing /coo l ing  t imes  used in DTA are  
much too shor t  to in t roduce  such  a t rans format ion  aga in ;  on ly  
long  te rm annea l ing  can cause  th i s .  
i i .  S t ruc tura l  s tud ies  
As expected  BE20,  BE25 and  BE30 ceramics  s in tered  at 1125 K, 
c rys ta l l i ze  in  the cub ic  f luor i te  s t ruc ture .  A f te r  annea l ing  at 
900 K for  500 hours  the X - ray  d i f f rac t ion  d iagrams of BE20(PB)  
and BE25(PB)  show the presence  of an add i t iona l  hexagona l  
( rhombohedra l )  phase .  The  s t rong  l ines  of the hexagonal phase ,  
found  in the X - ray  d i f f rac t ion  d iagram of BE20,  are g iven  in 
tab le  2. For  the ca lcu la t ion  of the ce l l  parameters  the weak  
l ines  (not  g iven  in tab le  2) have  a l so  been  used .  The ce l l  
parameters  for  the hexagona l  phase  are a = 0 .39454(2)  nm and c = 
2 .7237(3)  nm for  BE25 and a = 0 .39504(2)  and c = 2 .7274(3)  nm for  
BE20.  Both  hexagona l  phases  be long  to the space  group  R~m, Z=9,  
(or Z=3 fo r  the rhombohedra l  ce l l )q  The cor respond ing  vo lumes  for  
the hexagona l  ce l l  are 0 .3686 nm-  and 0 .3672 nm-  for  BE20 and 
BE25 respect ive ly .  The  vo lume shr inkage  of  about  I%, in  
compar i son  w i th  the cub ic  ce l l ,  can g ive  r i se  to s t ress  bu i ld  up 
dur ing  the phase  t rans format ion .  Th is  w i l l  be d i scussed  la ter .  
TABLE  2 
X - ray  powder  d i f f rac t ion  data  for  the BE20 hexagona l  phase ,  
on ly  the s t rong  l ines  are  g iven .  L ines  of the cub ic  phase  are 
not inc luded .  
h k I d (ca lc )  d (obs)  I (obs )  % 
0 0 I 0 .3395 0 .3390 31 
0 1 2 0 .3318 0 .3313 25 
i 0 4 0 .3058 0 .3053 I00 
0 0 9 0 .3031 0 .3026 65 
0 1 5 0 .2898 0 .2895 58 
0 i 8 0 .2415 0 .2412 14 
I 1 0 0 .19752 0 .19737 29 
1 0 13 0 .17885 0 .17880 18 
0 2 4 0 .16591 0 .16548 27 
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Af ter  500 hours  of annea l ing  of the cub ic  samples  at 900 K, 
BE20(PB)  and BE25(PB)  conta ined  about  80% and 20% of th is  
hexagona l  phase  respect ive ly .  
Neut ron  d i f f rac t ion  s tud ies  have shown that  the cub ic  
b i smuth  erb ium ox ides  have an add i t iona l  shor t  range  order ing  
( i i ) .  Bat t le  et al. (12 ,13)  found  ordered  domains  of hexagona l  
( rhombohedra l )  symmetry  in these  mater ia l s .  It is known that  
s tab i l i sa t ion  of b i smuth  ox ide  by h igher  rare  ear th  ox ides  
resu l t s  in a rhombohedra l  s t ruc ture .  Takahash i  et al.  (14) 
suggested  the ex is tence  of mic rodomains  w i th  a s t ruc ture ,  wh ich  
is cor re la ted  to the rhombohedra l  s t ruc ture .  Recent ly  a hexagona l  
b i smuth  y t t r ium ox ide  has been  repor ted  (15) .  Th is  phase  has a 
layered  s t ruc ture  in the space  group  R3m and cou ld  be prepared  
d i rec t ly  f rom the ox ides  by a so l id  s ta te  react ion .  The  hexagona l  
phase  fo rmed in the case  of BE20(PB)  and BE25(PB)  shows  a c lose  
s imi la r i ty  to th is  phase .  
When the samples  BE20(PB)  and BE25(PB)  were  reheated  at 
1025 K for  50 hours ,  the samples  conta ined  on ly  the cub ic  phase .  
The t rans i t ion  seen in DTA at 1000 K (F ig . l ) ,  co r responds  
there fore  to a rap id  change  f rom hexagona l  to cub ic .  Th is  imp l ies  
that  on heat ing  at 900 K the s low (>150 hours )  cub ic  to 
hexagona l  phase  t rans i t ion  occurs  and  that  the  resu l t ing  
hexagona l  phase  is s tab le  up to 1000 K, where  rap id  convers ion  to 
the cub ic  phase  occurs .  The lower  temperature  l imi t ,  where  the 
hexagona l  phase  fo rms,  is not  exact ly  known but is s i tuated  
between 775 K (no hexagona l  phase)  and 900 K. Such  phase  changes  
were  not observed  in BE30(PB) .  
T races  of ~ - b i smuth  ox ide  were  observed  in the X - ray  
d i f f rac t ion  d iagrams of BE20(A) ,  BE25(A) ,  BE20(B) ,  BE25(B) .  The 
t rans format ion  at 900 K in  DTA (F ig . l ) ,  seen  on ly  for  samples  
annea led  at 775 K for  500 hours ,  may cor respond to a so l id  s ta te  
react ion  of the b i smuth  ox ide  w i th  the so l id  so lu t ion ,  (wh ich  is 
s t i l l  cub ic ,  even  a f te r  annea l ing  at 775 K for  500 hours )  to fo rm 
the compos i t ion  of the o r ig ina l  so l id  so lu t ion  aga in .  Heat ing  
t imes  used  in DTA are  much too shor t  to in t roduce  the hexagona l  
phase ,  wh ich  we found  f i r s t  a f te r  annea l ing  at 900 K for  at leas t  
150 hours .  The presence  of ~ - b i smuth  ox ide  may po in t  to a 
par t ia l  decompos i t ion  of the so l id  so lu t ion  and hence  ra i ses  a 
quest ion  on  the re l iab i l i ty  of the mater ia l  for  use.  Absence  of 
any such  behav iour  makes  BE30 an idea l  compos i t ion  for  use.  
Compos i t ions  between BE25 and BE30 are now under  invest igat ion  . 
i i i .  Mechan ica l  s tud ies  
The mechan ica l  and morpho log ica l  p roper t ies  of the samples  
are g iven  in Tab le  3. The ~f va lues  are lower  in compar i son  w i th  
those  of cub ic  y t t r ia  - s tab i l i zed  z i rcon ia ,  but are qu i te  
acceptab le ,  cer ta in ly  fo r  b i smuth  ox ide  based  sys tems.  
P re l im ina i ry  resu l t s  in the sys tem B i~O 3 - Tb203,  p roduced  w i th  
the coprec ip i ta t ion  method ,  show even  ~ igher  ~f va lues ;  up to 120 
MPa.  It is note  wor thy  that  the s in ter ing  temperature  does  not 
have  a s t rong  in f luence  on the f rac ture  s t rength  of the samples .  
The so l id  s ta te  react ion  y ie lds  samples ,  wh ich  are weaker  than  
those  obta ined  f rom coprec ip i ta t ion .  
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TABLE 3 
P roper t ies  of the ceramics  a f te r  var ious  t reatments  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sample  T Phases  Dens i ty  Average  O" 
+4 code  present  (%) gra in  s ize  (MP$) 
+ (K) (~m) * 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BE25(P)  1035 Cub ic ( f luor i te )  97 .2  5 79 _+ 5 
BE25(P)  1075 ,, 98.4  7 89 .  + 8 
BE25(P)  1125 ,, 99.3  15 79~ ii 
BE25(S)  1125 98.0 i0 575  5 
BE25(SA)  1125 Cub ic+~Bi  0 98 .0  I0 89 + 3 
2 3 BE25(SB)  1125 Cub ic+Hexagona l  98.0  - -  95 + - 12 
BE25(P)  1125 } Cub ic (s i l i ca  
} contaminated)  98.0 -- 40 .  ~ 12 
BE~(P)  1125 Cub ic  98.0  I0 99-  ~ II 
ZY 1670 ,, 93.5 4 162 ~ _ 5 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
÷ see tab le  I for  sample  code;  ++ S in ter  temperature ;  * Three  
po in t  bend ing  s t rength(c f f )  ; ** 8.9 mo le  % Yt t r ia  - s tab i l i zed  
Z i rcon ia (10) .  
The cub ic  to hexagona l  phase  t rans i t ion  does  not seem to 
a f fec t  the s t rength  of the samples .  At these  temperatures  s t ress  
re laxat ion  occurs  rap id ly  in b i smuth  ox ide  based  so l id  so lu t ions  
(extended c reep  is observed)  and consequent ly  any s t resses  
induced  by the s low phase  t rans i t ion  (vo lume change of 1 .07 % for  
BE25)  are probab ly  re l ieved .  A l so  no apparent  e f fec t  of g ra in  
s ize  on the mechan ica l  s t rength  is observab le .  As expected ,  
s i l i ca  contaminat ion  leads  to weak  samples  due  to the fo rmat ion  
of a s i l l en i te  type s t ruc ture ,  wh ich  ext rac ts  la rge  amounts  of 
b i smuth .  Th is  resu l t s  in des tab i l i sa t ion  of the sur round ing  
matr ix  (8).  
CONCLUSIONS 
i. Coprec ip i ta t ion  as a method  of p reparat ion  for  B i~0~ - 
E r203  ceramics  and B i203  - Tb^O 3 ceramics  resu l t s  in re la t ive ly  
s t rong  and mach ineab le  mater ia l s  as compared  to the so l id  s ta te  
react ion  method .  
2. In case  of samples  conta in ing  up to 25 mole  % of e rb ium 
ox ide  a s low cub ic  to hexagona l  ( rhombohedra l )  phase  
t rans format ion  is observed  a f te r  heat ing  at 900 K for  an extended 
per iod .  Th is  hexagona l  phase  is s tab le  up to i000 K where  it 
qu ick ly  t rans forms to the cub ic  phase .  Th is  hexagona l  phase  is 
assumed to nuc leate  f rom microdomains  of the same s t ruc ture  
present  in these  mater ia l s .  
3 . The lower  temperature  l im i t ,  where  the hexagona l  phase  
fo rms  a f te r  long  te rm annea l ing ,  is s i tuated  between 775 K (no 
hexagona l  phase)  and 900 K. 
4 A l though the hexagona l  phase  in t roduces  a vo lume 
cont rac t ion ,  it does  not seem to a f fec t  the mechan ica l  s t rength  
of the samples .  
5 Heat ing  at 775 K for  extended t imes  causes  the 
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fo rmat ion  of t races of ~ - b i smuth  oxide, wh ich  may point to s low 
decompos i t ion .  The mater ia l  i tse l f  however ,  remains cubic at this 
temperature .  
6 . None of the above ment ioned  changes  were observed in 
BE30 and hence this mater ia l  is the bet ter  cho ice for app l i ca t ion  
in oxygen pump and - sensor dev ices  in spite of the lower 
conduct iv i ty .  
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